unshiu homogenate gave two new compounds, including an ethanol adduct of an oolongtheanin precursor and epigallocatechin 4′-O-rutinoside, together with theasinensin C, dehydrotheasinensin E, and desgalloyl oolongtheanin. The structure of desgalloyl oolongtheanin should be revised based on the spectroscopic and computational data collected in the current study, and a mechanism responsible for the production of oolongtheanins is also proposed.
Introduction
Polyphenols, such as catechins, proanthocyanidins, and caffeoyl esters, are widely distributed throughout the plant kingdom, and are believed to be accumulated as defense substances against herbivores and microorganisms. Polyphenols are usually oxidized by oxygen with the aid of enzymes when plants are physically damaged or harmed by predators. This process generally involves the reduction of oxygen molecules to generate reactive oxygen species, such as the superoxide anion and hydrogen peroxide, which not only act as defensive molecules but also behave as signaling molecules to trigger other defense mechanisms. 1 However, the oxidation products of polyphenols have not been thoroughly characterized to date. Black tea is produced by the mechanical crushing of the fresh leaves of Camellia sinensis. During this process, the four major tea catechins (1-4, Fig. 1 ) are oxidized by enzymes originally localized in different tissues of the leaf to give a complex mixture of black tea polyphenols. 2 Although a large number of the oxidation products in black tea have been identified, including theaflavins, 3 theasinensins (8-10), 4, 5 oolongtheanins (11, 15, 16), 5 and theacitrins, 6 more than half of the total polyphenols present in a black tea infusion remain uncharacterized. 2a,7 The mechanisms responsible for the production of individual black tea polyphenols also remain ambiguous. To develop a better understanding of the oxidation products and the reaction mechanisms responsible for their formation, we have shown that the in vitro oxidation of single catechin components or a pair of catechins with various enzyme sources is effective for obtaining sufficient amounts of the oxidation products for spectroscopic characterization. 8, 9 The products resulting from the treatment of tea catechins with some plant homogenates, such as Japanese pear and loquat, were found to be closely related to those produced by tea leaf enzymes. 9 However, a significant difference in the enzyme specificity was observed for the unripe fruit homogenates of Citrus unshiu. 10 In this study, we initially examined the oxidation of tea catechins with the unripe fruit homogenates of C.
unshiu and characterized the resulting products by spectroscopic methods. The structures of oolongtheanins (11, 15, 16) , which belong to a group of polyphenols found in oolong tea and black tea, were also reinvestigated in the current study using spectroscopic and computational methods, 11 and a novel mechanism is proposed for the degradation of dehydrotheasinensins (5-7) leading to production of oolongtheanins. 14 Subsequent treatment of the reaction mixture with ascorbic acid generated theasinensins 8-10 ( Fig. 2d) . In this experiment, compounds 5-7 were reduced with ascorbic acid to avoid unnecessary complexity in the products. During the actual process of black tea production, the dehydrotheasinensins undergo an oxidation -reduction dismutation process, 13b,c which results in the production of theasinensins as the reduction products and oolongtheanins and many other uncharacterized compounds as the oxidation products (see Supplementary Data). 
Japanese pear homogenate
Citrus unshu unripe fruit homogenate the addition of ethanol, and the products were purified by column chromatography to afford theasinensin C (8) (about 39%), desgalloyl oolongtheanin (11) 5 (2.2%), dehydrotheasinensin E (14) 9 (0.9%), and two new products 12 (1.8%) and 13 (0.2%) (Fig. 3) . Analysis of the initial reaction mixture by HPLC indicated that dehydrotheasinensin C (5) had been produced as the major product.
Interestingly, however, theasinensin C (8), which is the reduction product of 5, was obtained as the major product after column chromatography. In addition to the reduction of 5 to 8 by the ascorbic acid originally contained in the fruit homogenate, compound 5 also underwent an oxidation-reduction dismutation process when it was concentrated at 40-45 °C and during its subsequent chromatographic separation, which led to the production of 8. 
Structural revision of oolongtheanins
Oolongtheanins-desgalloyl oolongtheanin (11), oolongtheanin (15) , and galloyl oolongtheanin (16)-were originally identified as the polyphenols contained in oolong tea and black tea, 5, 15 and we previously demonstrated that they are produced by degradation of dehydrotheasinensins. 13b,c The original structure 11a was proposed based on its 1D-NMR spectra and methylation derivatization, and its stereochemistry was not established. With this in mind, we re-examined the structure of this compound in the current study. The signals derived from the A-, A′-, C-, and C′-rings of the flavan-3-ol were assigned by 1 H-1 H COSY, HSQC, and HMBC correlations (Table 1 ). In addition, the signals belonging to the pyrogallol-type B-ring (C-1′-C-6′) corresponded with those of the proposed structure 11a, which was confirmed by the appearance of HMBC correlations from H-2 (δH 5.14) to C-1′ (δC 128. C NMR spectra were recorded in acetone-d6 + H2O and in acetone-d6 + D2O. The resultant chemical shifts were carefully compared because the corresponding C-OH and C-OD moieties gave different chemical shifts. 16 The carbon signal at δC 94.4, which was originally assigned to the hemiacetal carbon at C-4′′′ bearing a hydroxyl group in 11a, did not undergo a hydrogen/deuterium exchange reaction. However, the sp carbon signal at δC 155.9, which was originally assigned as the C-1′′′ carbon in 11a with no hydroxyl group, did show an apparent change in its chemical shift (i.e., ΔδC 0.107) (Fig. 5 ). In the original structure 11a, the strong HMBC correlation from H-2″ (δH 4.32) through four covalent bonds to the hemiacetal carbon with a signal at δC 94.4 was unlikely. Taken together with the strong HMBC correlation from the C-ring H-2″ to the signals at δC 53.6 (C-5′′′) and δC 124.6 (C-2′′′), these results allowed for the planar structure of desgalloyl oolongtheanin to be revised to the structure shown as formula 11. The stereostructure of 11 was examined based on the theoretical calculations of its ECD spectrum. 17 Because 11 was derived from 1, the absolute configurations at C-2, C-3, C-2″, and C-3″
were determined as 2R, 3R, 2″S, and 3″R, respectively. This result therefore indicated that there were four possible absolute configurations for the remaining stereocenters, including (1′′′R,5′′′R), (1′′′S,5′′′S), (1′′′S,5′′′R), and (1′′′R,5′′′S). Among them, the (1′′′S,5′′′R) and (1′′′R,5′′′S) configurations would have a trans-conjunction of two five-membered rings, which would be unlikely because of the their highly strained structure. With this in mind, we only performed theoretical calculations for the ECD spectra of (1′′′R,5′′′R)-11 and (1′′′S,5′′′S)-11 using TDDFT at the CAM-B3LYP/6-31G(d,p) level in methanol using the polarizable continuum model (PCM), following the conformational search and geometrical optimization. The resulting lowest-energy conformers of (1′′′R,5′′′R)-11 and (1′′′S,5′′′S)-11 are shown in Fig. 6 , and the Boltzmann-weighted calculated ECD spectra are shown in Fig. 7 . The experimental ECD spectrum of 11 showed a positive Cotton effect at 241 nm, which resembled that of the calculated ECD spectrum of (1′′′R,5′′′R)-11. In contrast, the calculated ECD spectra of (1′′′S,5′′′S)-11 showed a negative Cotton effect at that region. Taken together, these results indicate that the Cotton effect around 240 nm reflects the configuration of the cyclopentenone moiety of 11, and the absolute structure of 11 was therefore assigned as the (1′′′R,5′′′R) configuration. Based on these data, we were able to successfully revise the structure of desgalloyl oolongtheanin (11), as shown in Fig. 3 . The structures of its galloyl esters, oolongtheanin (15) and galloyl oolongtheanin (16) (Fig. 3) , should also be revised because 11 was produced by tannase hydrolysis from 15 and 16. 5 It is noteworthy that the planar structure of 16 is the same as that of an oxidative dimerization product 14 of epigallocatechin-3-O-gallate (3), which is produced by an autoxidation reaction in authentic intestinal juice, rat plasma, and bile. 18 With this in mind, we also performed the autoxidation of 3 according to the procedures described in the literature 18b and confirmed the production of 16 from 3. (1'''R,5'''R)-11 (calcd)
(1'''S,5'''S)-11 (calcd)
11 (exptl) revealed that the carboxyl group formed an ethyl ester (δH 0.95, 3H, t, CH3; δH 3.72 and 3.82, each 1H, m, CH2). The remaining HMBC correlations of the methine (H-5′′′), methylene (H-2′′′), and Cring H-2 and H-2″ protons indicated the presence of a cyclopentanone ring (C-1′′′-C-5′′′). The degree of unsaturation was calculated to be 18 based on the molecular formula, while the unusual low-field shift of the C-1′′′ signal (δC 92.3), which is very similar to that of C-1′′′ in 11 (δC 94.4), suggested that there was an ether ring between the C-1′′′ and pyrogallol C-3′. Thus, the planar structure of 12 was assigned as shown in Fig. 3 . The structural relationship between this product and 11 led us to propose a new mechanism for their generation from dehydrotheasinensin C (5) (Scheme 1). Compound 12
was produced by the addition of ethanol, which was used to terminate the enzymatic reaction, to the oxidized pyrogallol ring. In contrast, the addition of water to the same oxidized pyrogallol ring followed by decarboxylation afforded an enediol intermediate, and the subsequent oxidation of the enediol produced 11. 19 This newly proposed mechanism also suggested that the stereostructures of the C-1′′′ and C-5′′′ positions in 12 were the same as those of 11. The 1 H and 13 C NMR chemical shifts of (4′′′S)-12 and (4′′′R)-12 were calculated to determine the configuration at the C-4′′′ position.
20
Low-energy conformers within 6 kcal/mol were initially obtained following a conformational search using the Monte Carlo method at the MMFF94 force field, and these conformers were subsequently optimized at the B3LYP/6-31G(d,p) level in acetone (PCM). The 1 H-and 13 C NMR chemical shifts of the low-energy conformers with high Boltzmann populations (> 1%) were calculated using the gauge-including atomic orbital (GIAO) at the mPW1PW91/6-311+G(2d,p) level in acetone (PCM). (Fig. 3 ).
Conclusion
In this study, we demonstrated that the enzymes in the unripe fruit of Citrus unshiu can selectively oxidize pyrogallol-type catechins to produce dehydrotheasinensins. This selectivity represents a significant difference from the behaviors of most other plant homogenates, such as Japanese pear and loquat, which can oxidize both pyrogallol-type and catechol-type catechins to give the corresponding theaflavins and dehydrotheasinensins. Many plant homogenates have the ability to oxidize tea catechins to theaflavins and dehydrotheasinensins, even when the plants themselves do not contain polyphenols. 9 These enzymes only catalyze the transfer of electrons from catechins to oxygen molecules, and the reactions responsible for the formation of theaflavins and dehydrotheasinensins are therefore nonenzymatic reactions. This conclusion is supported by the fact that the enzymatic oxidation of 1 and 3 to dehydrotheasinensins was reproduced in a non-enzymatic stereoselective oxidation reaction with CuCl2. 8c Furthermore, theaflavins can be produced by oxidation with K3[Fe(CN)6]. 3 The redox potential of pyrogallol-type catechins is much lower than that of the corresponding catechol-type catechins, 14 which is most likely related to the selective oxidation of pyrogallol-type catechins with the unripe fruit homogenate of C. unshiu. The enzymatic activity of the unripe fruit homogenate disappeared completely when the fruits were large (about 3 cm i.d.). This phenomenon is therefore very interesting from the perspective of plant physiology. Furthermore, we revised the structure of oolongtheanins, and proposed a new mechanism for their production. In oolong tea and black tea, oolongtheanins coexist with theasinensins. These two polyphenols are the oxidation and reduction products of dehydrotheasinensins, respectively, and are related to the oxidation-reduction dismutation of dehydrotheasinensins. 13b,c However, the yield of 11 (2.2%) was much lower than that of 8 (39%) in this experiment and many minor oxidation products of 5 were also observed, but remain uncharacterized. These products are probably related to uncharacterized black tea polyphenols.
Experimental section

Materials
(−)-Epigallocatechin was prepared from a commercial tea catechin mixture according to the methods described by Nonaka et al. 24 The resulting material was purified by crystallization from H2O.
Analytical procedures
measured with a Jasco P-1020 digital polarimeter (Jasco, Tokyo, Japan mixture of CHCl3/methanol/H2O as the solvent system. Spots on the TLC plates were visualized by UV illumination (254 nm) and by spraying the plate with 2% ethanolic FeCl3 or 5% aqueous sulfuric acid reagent, followed by heating. Analytical HPLC was performed on a Cosmosil 5C18-ARII column (250 × 4.6 mm i.d., 5 µm; Nacalai Tesque, Kyoto, Japan) with gradient elution from 4 to 30% CH3CN in 50 mM H3PO4 over 39 min, followed by 30 to 75% CH3CN in 50 mM H3PO4 over 15 min at a flow rate 0.8 mL/min. The column temperature was set at 35 °C, and the eluted compounds were detected with a JASCO MD-2010 photodiode array detector.
Oxidation of a catechin mixture using the plant homogenates
An aqueous solution was prepared containing (−)-epigallocatechin (1) give seven sub-fractions, and fr. 5-2 (25 mg) was purified on a Chromatorex ODS column (0-40% methanol in H2O) to yield 13 (8.5 mg). Fraction 5-3 (63 mg) was purified on a Chromatorex ODS column (0-50% methanol in H2O) to give compounds 8 (3.7 mg) and 1 (3.7 mg). Fraction 5-4 (27 mg) was subjected to a similar chromatographic process to that described above to give 12 (5.5 mg). were purified by column chromatography (Chromatorex ODS) to give compounds 12 (32.3 mg) and 11 (9.6 mg), respectively. Fraction 7 was also purified on a Sephadex LH-20 column to give seven sub-fractions. Fraction 7-6 (50 mg) was separated by column chromatography (Chromatorex ODS) to give 14 (17 mg). HPLC analysis of fr. 8 indicated the presence of hesperidin and narirutin, which exist in C. unshiu as major constituents. The total recovery of 1 was approximately 24%. were also calculated at the same level to confirm their stability, and no imaginary frequencies were found. The 1 H and 13 C NMR chemical shifts of the low-energy conformers with Boltzmann populations greater than 1% were calculated using the GIAO method at the mPW1PW91-SCRF/6-311+G(2d,p)//B3LYP-SCRF/6-31G(d,p) level in acetone (PCM). 20 The energies, oscillator strengths, and rotational strengths of the low-energy conformers were calculated using TDDFT at the CAM-B3LYP-SCRF/6-31G(d,p)//B3LYP-SCRF/6-31G(d,p) level in methanol (PCM). 17 The ECD spectra were simulated by the overlapping Gaussian function with a 0.3 eV exponential half-width. The calculated data for each conformer were averaged according to the Boltzmann distribution theory at 298 K based on their relative Gibbs free energies. All DFT calculations were performed using Gaussian 09. 25 GaussView was used to draw the molecular structures. 
(−)-Epigallocatechin 4′-O-(6′-O-L-rhamnosyl)-β-D-glucoside (13)
.
Autoxidation of 3
A solution of 3 (100 mg) in 10% aqueous ethanol (100 mL) was mixed with phosphate buffer solution (pH 8.3, 500 mL), and the resulting mixture was held at 40 °C for 1 h. The reaction was then acidified (pH 4) by the addition of concentrated HCl, and the resulting solution was directly applied to a Diaion HP20SS column (20 × 2.0 cm), which was washed with water. The products adsorbed on the gel were subsequently eluted with 0-60% methanol (5% stepwise, each 50 mL) to yield galloyl oolongtheanin (16) (27.9 mg). All of the physical and spectroscopic data for 16 were identical to those reported previously.
